Abstract. Waveguide evanescent field fluorescence microscopy (WEFF) is a novel microscopy technology that allows imaging of a cell's plasma membrane in the vicinity of a glass substrate with high axial resolution, low background and little photobleaching. Time-lapse imaging can be performed to investigate changes in cell morphology in the presence or absence of chemical agents. WEFF microscopy provides a method to investigate plasma membranes of living cells and allows a comparison to simplified model membranes immobilized on planar substrates. The interaction of the nonionic detergent Triton X-100 with plasma membranes of osteoblasts in an aqueous environment was investigated. Solubilization of the membranes very close to the waveguide surface was visualized and related to the three-stage solubilisation model proposed for liposomes and supported lipid bilayers. Findings for the plasma membranes of cells are in excellent agreement with results reported for these artificial model systems.
Visualization of the solubilization process of the plasma membrane of a living cell by waveguide evanescent field fluorescence microscopy 1 
Introduction
Cells are fundamental units of life that move, grow, divide and respond to their environment. 1 The lipid bilayer, which forms the membranes around and within a cell, is a two-dimensional self-assembled structure containing hundreds of different lipids and proteins. 2 Detergents are commonly used agents in membrane research. They have been used for isolation, 3 purification, 4 reconstitution of proteins, 3 permeabilization or perturbation of membrane structure, 5 and preparation and solubilization of liposomes. 3 Not only has solubilization by detergents played an important role in biomembrane research, but also the resistance of some parts of the membrane to detergents has provided evidence for the existence of lipid domains or rafts in cell membranes. 6, 7 Detergent-membrane interactions have been the subject of many studies. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Functional membranes typically exist in the fluid state also called the liquid-disordered state. 20 Due to the difficulties of working with authentic cell membranes, simplified membrane models-such as supported lipid bilayers, liposome mimicking biological systems or phosphatidylcholine bilayers-have often been used to investigate detergent-membrane interactions. 7 Model membranes were helpful in exploring the basic membrane functions. However, in comparison to a living cell-with integral and peripheral proteins, cholesterol molecules and oligosaccharides in and on their plasma membrane-artificial membrane models cannot mimic all aspects of plasma membrane function. In addition, studying the interaction between lipids and detergents in the form of vesicles (liposomes) or supported lipid bilayers has several other disadvantages. For example, in supported lipid bilayers, the quality of the deposited film plays a major role. In addition, direct contact with the underlying substrate affects the bilayer's structure and fluidity, and blocks access of solutions to both sides of membrane.
A number of studies have been performed to understand the principles governing lipid-detergent interactions using liposomes or supported lipid bilayers as simplified membrane models. Commonly employed experimental techniques are light scattering, 11, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] turbidimetry, 11, 21, 28 centrifugation, 4 electron microscopy (EM), [26] [27] [28] 34, 35 atomic force microscopy (AFM), 10 two-photon fluorescence microscopy and spectroscopy, 7 waveguide light mode spectroscopy, 36 magnetic resonance spectroscopy, 11, 25, 33 nuclear magnetic resonance, 11 and fluorescence anisotropy and spectroscopy. 8, 11 The results of lipid-detergent interaction studies using the above mentioned techniques have been related to a threestage model, which was described by Lichtenberg et al. 8 and verified by various microscopy and spectroscopy techniques. In stage I, with increasing detergent concentration, detergent incorporates into the bilayer. At this stage, solubilization does not occur, but the bilayer becomes saturated with detergent. However, changes in the size and structure of vesicles were observed with microscopic techniques such as transmission electron microscopy, AFM, and EM. 10, [26] [27] [28] 34, 35 At stage II, with further increase in detergent concentration, the bilayer starts to solubilise. Lipid vesicles saturated with detergent form and coexist with mixed micelles of lipid and detergent. At stage III, the entire membrane solubilises, and only mixed micelles exist.
In the present work, we applied a recently introduced evanescent microscopy technique, waveguide evanescent field fluorescence (WEFF) microscopy. [38] [39] [40] [41] [42] [43] [44] Simple slab waveguides were used as substrates to image and observe plasma membrane solubilisation with Triton X-100 in real time. Triton X-100 [C 14 H 22 OðC 2 H 4 OÞ n ] is a nonionic surfactant which has a hydrophilic polyethylene oxide chain (on average it has 9.5 ethylene oxide units) and an aromatic hydrocarbon hydrophobic group. It is commonly used in biochemical applications including membrane permeabilization and cell lysis. Moreover, Triton X-100 is a relatively mild detergent which does not denature most proteins. 37, 45 WEFF microscopy detects fluorescence dye distribution only within the first 70 nm above a waveguide surface. This technique not only allows time-lapse imaging, but also offers a high axial resolution, very high signal to noise ratio and negligible photobleaching. [40] [41] [42] [43] [44] In all evanescent techniques, a thin film of light, having a high intensity directly at the interface and decaying exponentially away from the interface, is applied to the sample. Other evanescent waveguide techniques have been used to investigate cell-substratum interactions as well; however, these studies did not necessarily involve the use of fluorescent dyes or the acquisition of images. Most of these methods (e.g., reverse waveguides, 46 optical EPIC systems 47 ) measure refractive index changes. For example Cottier et al., have investigated the coupling behaviour of a laser beam into a waveguide mode when cells are present on the grating and could determine a characteristic length of a cell perturbation. 48 Aref et al., have investigated the changes in refractive index occurring when a stem cell secretes macromolecules onto a waveguide surface. 49 Both label-free methods and fluorescent dyes have been used to study cell-substrate interactions, leading to different sets of information. Label-free methods typically investigate the optical thickness, a convolution of the local refractive index architecture and the film thickness on the waveguide; whereas fluorescence methods rely on photons emitted by the fluorescent probes. The number of emitted photons depends not only on the amount of dye present, but also on the local conditions of the dye, its quantum yield depending on its environment. For instance, an alteration in quantum yield due to a change in quenching can give concentration information, which cannot be obtained from refractive index data. Thus, for some applications, the fluorescence signal contains more information than a change in the refractive index architecture. In such cases, a method employing a label is advantageous.
A scheme of WEFF microscopy is depicted in Fig. 1 . The key element of WEFF microscopy is an optical waveguide carrying an evanescent field. An optical waveguide consists of: (i) a high refractive index, thin film (in the order of μm thickness) guiding the light; (ii) a substrate, acting as the supporting material onto which the waveguide is deposited; and (iii) a medium covering the entire structure. To couple a laser beam into the waveguide, a grating needs to be fabricated on the waveguide surface or embedded into it. When a laser beam is incident onto the grating at a waveguide mode resonance angle, light couples into the waveguide and propagates along the waveguide. The guided light in the waveguide generates an evanescent field. This thin film of light-the intensity of which decays exponentially into the cover medium-can be used as an illumination source to excite fluorophores. Photons emitted from excited fluorophores are collected by the objective of an inverted microscope. Since in WEFF microscopy only a thin film of the sample is illuminated by the evanescent field (in the present case 70 nm), the captured images show only details within this short distance above the substrate. This makes WEFF microscopy a powerful technique to visualize and quantify dynamics of biological interface phenomena in an aqueous environment. [40] [41] [42] [43] [44] 50, 51 Cell adhesion structures (such as focal adhesions) mediate mechanical and signaling interactions between cells and the extracellular matrix in vivo or their substratum in vitro.
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Previous experiments with WEFF microscopy [38] [39] [40] [41] [42] [43] [44] have shown that focal contacts and adhesions are visualized. Moreover, an outline of the entire cell can be seen by acquiring data using high integration times due to an epi-fluorescence contribution from general scattering of the waveguide. 42 Here, we have chosen to acquire images in the evanescent mode with only small epi-fluorescence contributions to be able to identify single cells and colonies. Therefore, the Triton X-100 membrane interaction observed was predominantly within the first 70 nm above the waveguide and very close to focal adhesions.
Osteoblasts form bone by elaborating an extracellular matrix that then becomes mineralized. 53 Osteoblasts are derived from undifferentiated mesenchymal precursor cells that can also differentiate into several related cells types, including fibroblasts and chondrocytes. In vivo, osteoblasts are found on the surface of forming bone. Thus, adhesion of osteoblasts to the rigid waveguide surface in vitro mimics the adhesion of osteoblasts to the surface of bone in vivo. As osteoblasts are closely related to fibroblasts and several other connective tissue cells types, and adhere to substrata via common mechanisms, 54 we expect that our results will be readily generalizable to many other cell types.
Materials and Methods
Ag þ -Na þ ion-exchanged waveguides in SG11 glass (Schott, Grünenplan, Germany, refractive index, 1.513 at λ ¼ 543.5 nm) were used as the substrate for cell culture. Ion exchange was carried out in a pure AgNO 3 (99.0%, EMD, Gibbstown, NJ, USA) melt for 18 min at 275°C. By using a holography set-up, gratings with a periodicity of 650 to 685 nm in photoresist S1805 (Shipley Canada, Ottawa, Ontario, Canada) were fabricated on top of the waveguide and used to couple the laser beam into the waveguide. The stage of an inverted microscope (Axiovert 25, Zeiss, Oberkochen, Germany) was modified to accommodate the waveguide. The images were taken in TE polarization. The microscope is equipped with a 10×, 20×, and 63× objective lens. The images are taken with the 40× lens.
The MC3T3-E1 (Subclone 4) osteoblastic cell line was obtained from the American Type Culture Collection (Rockville, MD, USA). MC3T3-E1 cells are a clonal nontransformed cell line originally established from newborn mouse calvaria.
55 MC3T3-E1 cells were seeded on the waveguide in α-minimum essential medium (α-MEM) containing 15% heat-inactivated fetal bovine serum and antibiotics (penicillin 100 units∕ml, streptomycin 100 μg/ml, and amphotericin B 0.25 μg/ml) (Invitrogen, Burlington, ON, Canada). After 24 h incubation, waveguides were washed with phosphatebuffered saline (PBS) to remove any nonviable cells. Cells were loaded with DiI, a lipophilic membrane stain that is weakly fluorescent until incorporated into membranes. Samples were incubated with 5 μM DiI in dimethyl sulfoxide (DiIC 18 ð3Þ from Invitrogen) at 37°C for 20 min, followed by several washes with PBS. Cells were imaged in Dulbecco's Modified Eagle Medium (DMEM) without phenol red (Invitrogen). The excitation and emission wavelengths for DiI are 549 and 565 nm, respectively.
A cuvette made from blackened aluminum was sealed with an O-ring (Buna-N, McMaster Carr, Princeton, NJ) to the waveguide with loaded cells on its surface. Using a rotating and translating stage, the 543.5 nm laser beam was directed onto the coupling grating on the waveguides. At waveguide mode resonance angles, the laser beam coupled into the waveguide and an evanescent field was generated in the cover medium to excite the fluorophores in the plasma membrane nearest the waveguide surface. The light emitted from the fluorophores was collected by an objective. A 560-nm long pass filter (3DR560LP, Omega Optics, Brattleboro, VT) was used to block scattered excitation light. A digital camera (Diagnostic Instruments, Inc., Sterling Heights, MI) with imaging software (Image Pro Express, Media Cybernetics, Bethesda, MD) was used for capturing images. Image analysis was carried out using ImageJ software (National Institutes of Health, Bethesda, MD).
Images of the cell-substrate interface without the addition of detergent were captured to investigate photobleaching and to monitor possible morphological changes in cells in the absence of Triton X-100. Medium (phenol red-free DMEM) was then removed and replaced with the medium containing Triton X-100 at concentrations of 0.013, 0.1, 0.5 or 1.0 w∕w%. Image capture resumed immediately after adding Triton X-100. Imaging continued until the cells were completely solubilized and fluorescence had completely disappeared. Using ImageJ, a sequence of images was obtained and the integrated intensities of individual cells or of cell colonies were measured and background subtracted. For determining the background intensity, the selected cell image area was moved to the nearest place on the image where no cells were located. There, the background intensity was measured for each image. Normalization for quantitative data was carried out as follows. Various cells in a single experiment were first imaged. Then using ImageJ, the integrated intensity in all cells was measured and normalized to cell area. All data were then normalized to the integrated intensity at t ¼ 0.
Results and Discussion

Photobleaching
To quantitatively investigate intensity data with time, it needed to be established whether photobleaching was occurring. To investigate photobleaching and to track possible changes in cell morphology, images of DiI-labeled cells in the absence of Triton X-100 were captured with increasing time during continuous evanescent illumination (Fig. 2) . In addition to focal adhesions, which were evident as bright spots, parts of cells outside the evanescent field were seen due to photons scattered by the waveguide, which leads to some epi-fluorescence background. 42 The integration time was chosen so that the epi-fluorescence contribution was small. The time sequence in Fig. 2 revealed only small changes in cell morphology over 23 min. The two arrows on the first and last images indicate regions of the cell membrane where changes are noticeable. The directions of the arrows show the directions of cell movement. However, the integrated intensity of cells in the absence of Triton X-100 remained constant (see Fig. 3 ), indicating that no photobleaching occurred.
Solubilization of Cell Membrane with Triton X-100
Cells were labeled with DiI and monitored using time-lapse WEFF microscopy. Plasma membrane solubilization was initiated by replacing medium with medium containing the detergent Triton X-100 (0.013 w∕w%). In these experiments, a static sample chamber was used (i.e., no medium exchange was carried out during imaging), so that changes in fluorescence dye concentration in the medium due to release from cells was observed as a changing background signal. Figure 4 shows images during cell solubilization, a reaction taking approximately 1 h. The time increases in Fig. 4 with increasing image number. By following the arrow in the images with time, one can see how the plasma membrane close to a focal adhesion responded to Triton X-100. After adding detergent, the integrated image brightness first increased (Fig. 4 , images 1 to 5, and Fig. 3 ). The increase in brightness lasted for about 7 min. Then, the intensity 'plateaued' for the next 7 min. Following approximately 14 min incubation with Triton X-100 (0.013 w∕w%), the fluorescence intensity decreased, first rapidly then more slowly (Fig. 4 image 11 to 20 ; Fig. 3 ). Imaging continued until the cell image disappeared, at which point the plasma membrane appeared to be completely solubilized and disappeared out of the evanescent field.
To quantify the solubilization process, the integrated intensity of the images with time was measured using ImageJ software. For discrete cells or a small colony of cells, the area was selected and the integrated intensity was measured. Then the background signal was determined and subtracted to eliminate the contribution of fluorescence from dye dispersed upon Triton X-100 solubilization. In the absence of Triton X-100, the integrated intensities were constant (Fig. 3) , confirming the stability of cells and the lack of photobleaching. Upon addition of Triton X-100, the integrated intensities first increased, and then 'plateaued.' This was followed by a biphasic decrease in fluorescence intensity, consisting of a rapid initial drop and a subsequent slow decrease to near background levels.
Interpreting Cell Membrane Solubilization using the Three-Stage Model of Lipid-Detergent Interaction
The three stage model of membrane-detergent interaction 8 was developed to describe solubilization of artificial membrane systems (liposomes and supported lipid bilayers) by various detergents. 8, 28, [56] [57] [58] Kinetic data describing liposome solubilization have been obtained from changes in turbidity or light scattering in liposome suspensions upon addition of detergent in increasing amounts. In the present study, kinetic data were derived from changes in the integrated intensity of the light emitted from a membrane-intercalated fluorophore upon addition of detergent.
Our kinetic data show integrated intensities from cells (the sum of evanescent and minor epi-fluorescence signals) with and without Triton X-100 (Fig. 3) . In the absence of detergent, the integrated intensities are constant. In the presence of the detergent, three reproducible kinetic stages were found: (i) an increase in fluorescence intensity, (ii) a 'plateau', and (iii) a decrease in intensity. Therefore, a comparison to or an adaption of the established three-stage model is possible. In stage I, the membrane takes up detergent and the concentration of detergent rises in the plasma membrane. The integrated fluorescence intensity increases due to suppression of fluorophore quenching by dilution of the dye with detergent 58, 59 in the cell membrane. (An alternative interpretation of the intensity increase would be movement of the dyes closer to the waveguide surface into higher evanescent fields. However, movement of the focal adhesions towards the waveguide is very unlikely.) In this stage, solubilization does not occur. According to the model, stage I ends when the membrane becomes saturated with detergent. The end of stage I is seen in Fig. 3 when the intensity increase ends and the plateau starts.
In stage II of artificial membrane solubilization, the detergent-saturated lipid bilayer undergoes a structural transition and converts partially into lipid-detergent mixed micelles; however, these micelles are not yet mobile, but still incorporated in the membrane. Therefore, stage II is seen in our data as the plateau in which intensity remains constant as the dye is not leaving the evanescent field. At this time, the dye is still located either in the membrane or in formed micelles in unquenched conditions mixed with detergent.
During stage III, the micelles become mobile and leave the evanescent field, leading to a decrease in integrated intensity. Individual micelles are too small to be seen with our WEFF microscope, a diffraction-limited technology.
If this 3-stage model is correct, then the background intensity determined by WEFF microscopy should not increase during stages I and II, as no dye molecules have yet left the membrane. On the other hand, background intensity should start to increase at the onset of stage III, when micelles begin to disperse. This is indeed observed. Figure 5 shows the raw data (integrated intensity of cells and background) and the difference (cell integrated intensity minus background integrated intensity) for three experiments carried out with increasing concentrations of Triton X-100 (0.1, 0.5 and 1.0 w∕w%). Clearly, the background intensity starts to increase about the time at which stage II transitions into stage III.
Increasing the detergent concentration accelerated the solubilization process; all stages were shorter. At the lowest concentration of Triton X-100 (0.013 w∕w%, Figs. 2 to 4) , the entire process lasted ∼3000 s (50 min), at 0.1 w∕w% ∼700 s (11 to 12 min), at 0.5 w∕w% ∼160 s (2.7 min), and at 1.0 w∕w% ∼100 s (1.7 min). Please note the different time scales in Fig. 5 . The pattern of solubilization kinetics was similar at all concentrations. However, at the highest detergent concentration, the plateau was not prominent. It might be that, at this high concentration of Triton X-100, the transition between membrane and membrane-micelles started during stage I. Therefore, stage III (release of micelles) would begin very quickly after detergent uptake. The background data support this hypothesis, as the onset of the increase in background signal coincides with the time of peak intensity in Fig. 5 (lower panel) .
At the beginning of micelle loss (start of stage III), the background signal shows fluorophore leaving the plasma membrane into the medium within the evanescent illumination volume. Later on during stage III, the background intensity reflects two processes: (i) increased concentration of fluorophore leaving the membrane due to solubilisation, and (ii) disappearance of the fluorophore and its host micelles from the evanescent test volume, due to dispersion into the medium. Therefore, the background signal increases upon membrane solubilization then decreases. The final value of the background signal should be larger than its initial value before detergent, due to homogeneous distribution of fluorophore-containing micelles in the medium.
The reason for the two time constants involved in the decrease in cell intensity in stage III may be a combination of two factors. The first is micelle dispersion as discussed above. The second is cell death and detachment. The cells are alive at the beginning of the experiment, but die during the course of detergent uptake. When cells die, they are not necessarily able to maintain adhesion to the substrate. Therefore, one of the two time constants may reflect loosening of focal adhesions, allowing cells to lift away from the waveguide surface and decreasing signal intensity. On the other hand, the pattern of changes in the background signal (described above) is consistent with the predominant factor being micelle dispersion.
Conclusion
WEFF microscopy was used to visualize the solubilization of plasma membranes of living osteoblasts close to their focal adhesions using Triton X-100 in an aqueous environment. Images and integrated intensities in the absence of Triton X-100 showed that the influence of photobleaching is negligible; therefore, experiments can be performed over extended periods of time. The results presented here for plasma membrane solubilization in live cells agree well with the results of studies on liposomes and supported lipid bilayers. A multistep process was observed. In the first stage, incorporation of Triton X-100 into the cell membrane resulted in an increase in image brightness due to a decrease in DiI quenching. After detergent saturation, an intensity plateau was observed, which we interpret as the time required for transition from a lipid bilayer to a membrane-micelle mixture. During the final stage, micelles became mobile and left the membrane, leading to a decrease in object intensity and an increase in the background signal. Increasing the concentration of Triton X-100 did not change the three-stage kinetics, but did decrease the duration of each stage.
In summary, we have shown that authentic plasma membranes in living osteoblasts behave in a similar way as model membrane systems, despite the presence of additional constituents (e.g., proteins, glycolipids, etc.), which are typically missing in model membranes. We expect that other cell types will behave in the same way as osteoblasts.
